Gene flow in plant populations is largely determined by landscape heterogeneity. Both the shape of the pollination kernel and the spatial distribution of trees affect the distribution of pollen grains and the genotypes they harbour, but little is known about the relative contribution of each of these two factors. Using genetic markers we build a spatial network of pollination events between any two trees in a population of Prunus mahaleb, an insect-pollinated plant. Then, we apply tools from the science of complex networks to characterize the structure of such a mating network. Although the distribution of the number of pollen donors per tree is quite homogeneous, the identity of donors is distributed heterogeneously across the population. This results in a population structured in well-defined modules or compartments, formed by a group of mother trees and their shared pollen donors. Long-distance pollination events decrease the modular structure by favouring mating among all available mates. This increases gene flow across the entire population, reducing its genetic structure, and potentially decreasing the role of genetic drift.
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I N T R O D U C T I O N
Pollen dispersal is a key demographic process with relevant ecological and genetic consequences for plant populations (Barrett & Harder 1996) . Pollen movement determines mating patterns (i.e. who mates whom) and the extent of gene flow within and among populations (Sork et al. 1999; Liepelt et al. 2002) . Molecular markers have shown a nonrandom spatial assortment of mating events among conspecifics mediated by pollinators (Gérard et al. 2006) . As a consequence, pollen donors do not distribute their pollen evenly among mother trees, but rather among a non-random subset of available mother trees. Recent literature documents the strong interaction between the dispersal mode and the spatial arrangement of the adult trees in determining these non-random mating patterns (Meagher & Vassiliadis 2003) . One remaining issue lies on elucidating the structure of such heterogeneous mating patterns and its consequences to gene flow within populations. This has been elusive because we were missing appropriate tools to address the structure of complex spatial patterns. Here we use the framework of complex networks (Urban & Keitt 2001; Proulx et al. 2005; Fortuna et al. 2006; May 2006; Bascompte 2007) to quantify the level of heterogeneity of spatial mating patterns, and to explore how such a structure varies with the shape of the dispersal kernel and the spatial distribution of parent trees.
The interplay between the overall distances reached by dispersed propagules (i.e. the dispersal kernel) and the arrangement of the adult trees determines the distribution of the genetic diversity among isolated populations (Sork et al. 1999; Liepelt et al. 2002) . At the population level, the bulk of pollen dispersal events reach short distances from the source tree, and thus, maternal pollen pools tend to be dominated by nearby trees or by selfing events in autocompatible species (Robledo-Arnuncio et al. 2004; García et al. 2005) . Furthermore, the genetic composition of the pollen pool is dramatically influenced by the shape of the tail of the dispersal kernel .
Here we analyse the interplay between the movement of pollinators and the spatial distribution of trees within a population in determining the structure of the spatial mating network of a Prunus mahaleb isolated population pollinated by insects. First, we used a previous data set based on highly polymorphic DNA markers that allowed the identification of all adult trees in the population and the tracking of pollen dispersal events (Godoy & Jordano 2001; García et al. 2007 ). This information was used to build the spatial mating network. This network represents adult trees as nodes and mating events as links among interacting nodes (siring trees and mother trees). This simplified description of the system allows us to establish a powerful framework to study the relationship between the structure of the mating network and the processes occurring in such a network (Urban & Keitt 2001; Dyer & Nason 2004; Proulx et al. 2005; Fortuna et al. 2006; May 2006; Bascompte 2007) . Second, once the mating network is built, we characterized its structure using both the frequency distribution of the number or links per tree and modularity analysis, i.e. a description of nonrandom mating associations among groups of trees. Third, using simulated spatial scenarios and a thin-tailed version of the pollination kernel, we investigate to what extent the spatial distribution of the trees in the population interacts with the form of the pollen dispersal kernel to shape the structure of the spatial mating network.
M A T E R I A L S A N D M E T H O D S
Building the mating network Study site and species characteristics We focus on P. mahaleb, a gynodioecious species, i.e. populations are composed by hermaphrodite and female individual trees. The study population consists of 131 hermaphrodite and 64 female trees with most trees patchily distributed and some individuals isolated from patches. It is located in Nava de las Correhuelas (Parque Natural de las Sierras de Cazorla, Segura y las Villas, Jaen province, Southeastern Spain), at an elevation of 1615 m. The site is dominated by grasslands with scattered patches of deciduous vegetation, gravelly soil or rock outcrops covered with shrubs or small isolated trees. The rocky slopes are dominated by open pine forest (Pinus nigra ssp. salzmannii). Populations of P. mahaleb are found in this region as small, isolated patches of trees, frequently with < 100 trees. The nearest P. mahaleb population to our isolated study population is located at 1.5 km.
This species flowers between mid-May and mid-June at high elevations (over 1300 m), and is pollinated by insects, mainly bees (Hymenoptera: Andrenidae, Apidae) and flies (Diptera: Calliphoridae, Syrphidae) (see Jordano 1993 for a more detailed description).
Sampling design and paternity analysis
In a previous study, García et al. (2005) randomly selected 20 mother trees stratified by gender type (hermaphrodite and female mother trees) and local density (high and low density of conspecifics). Ten fruits per mother tree were collected from the canopy and the embryo of each fruit was genotyped for 10 microsatellite loci. Paternity analysis was used to assign the most likely father to each motheroffspring pair on the basis of the multilocus genotypes of the mother, the embryo, and all the candidate fathers. A single most likely father was assigned to 99 embryos with a confidence level of 95%. For the reminder embryos, more than one most likely father was found for 58 embryos, no compatible father was found for 13 embryos (implying that the pollen donor was located outside the population), 3 embryos were discarded due to amplification failures for several markers, and 27 embryos were a consequence of selfing. Unassigned seeds reduced our sample size. However, we do not expect that this reduction will affect the shape of intrapopulational dispersal kernel because unassigned seeds may be a random sample of all the seeds analysed. Based on the identity and location of the mating trees, we obtained the frequency distribution of pollen dispersal distances (pollen dispersal kernel, Fig. 1 ). In this study, we focus exclusively in inter-individual pollination events. Subsequently, the spatial mating network of the studied population was built based on this pollen dispersal kernel.
Design of the spatial mating networks
We generated spatial mating networks following a factorial design among two pollen dispersal kernels and different spatial scenarios. Hermaphrodite trees have perfect flowers, with functional male and female roles. Female trees have male-sterile flowers and thus have only a female function. Thus, for each pair of nodes hermaphrodite-female and hermaphrodite-hermaphrodite we calculated the distance among them, and a probability of mating (occurrence of a pollination event) was assigned as a function of the dispersal kernel (we used both the observed dispersal kernel with fat tails and an alternative kernel with thin tails; see next section). If that probability was higher than a uniformly distributed random number between 0 and 1, we created a link between both nodes. This procedure was repeated for all these pairs of nodes 20 times to ensure that each node had at least one link. In such a way, the number of links (pollination events) per node (tree), i.e. its degree, was > 0. We have repeated the same number of potential pollination events to generate the networks using both types of pollen dispersal kernels (fat-tailed and thin-tailed) for all spatial scenarios (real, clumped, exponential-density gradient, random and uniform). The different shape of the kernels will be translated in a different density of links. If the same number of links was kept fixed for both kernels (the same network connectance), we would be masking a biological difference between kernels by eliminating the effect of therein different probabilities of pollination as a function of distance for both pollen dispersal kernels. The network structure will change as a consequence of the shape of the pollen dispersal kernels. Increasing the number of potential pollination events could lead to a fully-connected network in which all mother trees could be pollinated by all donor trees in the population. For each combination of factors (dispersal kernel and spatial scenario), we built 1000 replicates. Although selfing events may have relevant consequences for pollination dynamics in P. mahaleb, here we focus in interindividual interactions and therefore our networks show no link connecting an individual to itself.
Fitting the pollen dispersal kernel
In the studied population, the probability of a mother tree being pollinated by a nearby father is higher than expected based just on the distance because the number of potential fathers in the vicinity is higher than far away. Hence, the observed distribution of the pollen dispersal distances is not independent of the population spatial distribution. This heterogeneous spatial configuration must be taken into account before fitting the pollen dispersal kernel to the data.
By setting circular bands at constant distances from the mother trees and calculating the ratio between the number of total potential and realized father trees within them, we removed the effect of the spatial heterogeneity on pollen dispersal. We chose bands of 25 m from each mother tree. We considered the resulting intervals (from 25 to 550 m) small enough to capture the spatial heterogeneity in the distribution of the subset of trees. The relative frequency of these rates for each distance band (see Fig. 1b ) was used to obtain randomly 1000 dispersal distance values according to its frequency on each of them. We fitted a Weibull distribution to these values because its very flexible shape allows us to take into account the observed few longdistance dispersal events (see Fig. 1c ). The Weibull probability density function is described by:
where a is the scale parameter and b is the shape (or slope) parameter. This is the observed, fat-tailed pollination kernel.
Measures of network topology
Connectance One of the simplest measures of network structure is connectance (C ) defined as the ratio of the number of realized links to the number of possible links. In our case, connectance is defined as:
where p is the realized number of links, h is the number of hermaphrodite trees and f is the number of female trees. In the context of the pollination mating network, connectance should be interpreted as the probability of interaction between two randomly selected individuals. 
Modularity analysis
There are several algorithms to detect modules (also known as communities) in networks (see Newman & Girvan 2004; Guimerà & Amaral 2005; Newman 2006; Rosvall & Bergstrom 2007) . In this study we used the Guimerà & Amaral's (2005) algorithm based on simulated annealing (Kirkpatrick et al. 1983) . Basically, the program uses a heuristic procedure to find an optimal solution (i.e. the maximization of a function called modularity) when the number of combinatory states is intractable. The simulated annealing method uses the physical concept of temperature to indicate to what extent the state of the system is close to the optimal solution. The modularity function M determines the tendency of the network to be organized in well-defined, disjoint modules. The higher M, the higher the density of links inside each module as compared to the expectation based on the total density of links. The modularity is given by (Newman & Girvan 2004) :
where N M is the number of modules, L is the number of links in the network, l s is the number of links between nodes in module s and d s is the sum of the degrees of the nodes in module s. We analysed 100 replicates for each spatial scenario, allowing us to estimate the confidence interval for the level of modularity. The significance of modularity is established by comparing the observed M value with the values for 100 randomizations of the network keeping the same connectance (see Guimerà & Amaral 2005) . Networks created with the two dispersal kernels have a different connectance. To control for this difference when comparing the modularity, we calculated the relative modularity defined as:
Once we have detected a significant modular organization, we want to look at how many distinct modules are there, and how are they distributed in space. This algorithm also provides these distinct modules.
The Wilcoxon rank sum test was used for comparing the relative modularity between different dispersal kernels from the same spatial scenario, and each scenario with random networks.
Spatial distribution and shape of the dispersal kernel
In order to explore the role of the spatial distribution of the tree population on the relevance of the dispersal kernel, we created some alternative spatial scenarios: clumped (Fig. 3a,e) , exponential-density gradient (Fig. 3b,f ) , random (Fig. 3c,g ) and uniform (Fig. 3d,h ). We built these spatial configurations by distributing randomly the same number of female and hermaphrodite trees as in the real population inside the area delimited by the real population. For the clumped and the exponential-density gradient distributions, we have used the centre of the study area as a fixed point from which we have randomly distributed the trees as a function of a beta and exponential probability density functions, respectively.
Our aim is not to obtain a precise fit of our data to the most appropriate pollen dispersal kernel (see Austerlitz & Smouse 2001 ), but to compare the effect of the observed fat-tailed kernel in relation to a thin-tailed one. For this reason, we compared the fitted dispersal kernel to an exponential one (thin-tailed dispersal kernel) with a scale parameter b ¼ 50 (Fig. 1c) . The exponential probability density function is given by: Figure 1a represents the observed subnetwork of mating events in our population. From this network we obtained the relative frequency of pollen dispersal distances corrected by the non-homogeneous spatial distribution of trees (Fig. 1b) . We find the best fit to this observed distance frequency distribution (Fig. 1c) . This constitutes the observed pollination kernel that is used to build replicates of the entire network (a ¼ 125.696 and b ¼ 0.821; slope and shape parameters, respectively, of the fit to a Weibull distribution). We used an artificial thin-tailed exponential kernel with a scale parameter b ¼ 50. Comparing networks built from the two dispersal kernels will allow us to characterize the effect of long-distance pollination events on structuring the mating network. Not surprisingly, the fattailed dispersal kernel allows the existence of a higher number of mating events than the thin-tailed kernel. This fact leads to a significantly higher connectance (P < 0.001) when creating networks using the Weibull pollen dispersal kernel (C ¼ 0.062 ± 0.001, from 1000 replicates) than when using the exponential one (C ¼ 0.057 ± 0.001, from 1000 replicates). Once we have built the mating networks by using two distinct dispersal kernels, let us now characterize their structure. If we look at the distribution of the number of links per mother tree, that is, how many donor trees can pollinate a particular mother tree, we see no differences in the shape of the distribution for the two types of dispersal kernels. Insets on Fig. 2 show the exponential fitting to the cumulative degree distribution (P < 0.001 for both the Weibull and exponential kernels). This result indicates that the mating network is quite homogeneous: the bulk of trees have a similar number of donor trees. However, if we look at a deeper level of structure, focusing now on the identity of the donor trees that pollinate a given mother tree, results are quite different. The modularity analysis reveals a significant value of modularity in our population, that is, a significant tendency of the network to be organized in welldefined, disjoint modules. The mean modularity and standard deviation for randomizations is M ¼ 0.293 ± 0.003 and M ¼ 0.298 ± 0.002 for the observed fat-tailed and the exponential dispersal kernels, respectively. This is the modular structure of the null model corresponding to each pollen dispersal kernel. The values of modularity for the fitted dispersal kernels are M ¼ 0.382 ± 0.01 and M ¼ 0.321 ± 0.01 (for thin-tailed and fat-tailed pollen dispersal kernels, respectively). Networks created using the observed fat-tailed pollen dispersal kernel are significantly more modular than expected by chance (P < 0.001). This means that mother trees do not sample pollen randomly from the donor trees in the population, but that there is a tendency for groups of mother trees to receive pollen from the same donors.
Having characterized the modular organization of the mating network, we next consider how long-distance pollination events contribute to such modularity. Modularity is significantly lower (P < 0.001) when using the fat-tailed pollination kernel than when using the thin-tailed kernel. This means that the observed long-distance pollination events reduce the modular structure of the mating network in our population. The reduction is even higher when we take into account the different values of connectance for networks created using both types of kernels. The relative modularity for networks created using the observed fattailed pollen dispersal kernel is much lower (M* ¼ 0.095) than that resulting from create networks using the thintailed one (M* ¼ 0.281).
Let us turn now to the identification of the different modules that create the overall modular structure noted above. The modularity analysis detects several distinct compartments formed by a group of mother trees and their shared pollen donors. The number of modules is 6.9 ± 0.658 (mean and standard deviation; Fig. 2b ) when the networks are created using the observed, fat-tailed pollen dispersal kernel. The number of modules is significantly reduced to 5.1 ± 0.551 (P < 0.001; Fig. 2a ) when using the exponential thin-tailed pollination kernel. Thus, long-distance pollen dispersal events seem to contribute not only to create a larger number of compartments, but also to an increase on pollen flow among them by reducing modularity, as we have shown above (see Fig. 2 ).
Regarding the effect of the spatial distribution of trees, different results are obtained when we distribute the same number of trees but in different spatial configurations (see Fig. 3 ), and use again the two pollen dispersal kernels. The number of links created is significantly higher for the Weibull dispersal kernel (Fig. 3e-h ) than for the exponential one ( Fig. 3a-d) for all spatial scenarios (P < 0.001 for (as in the exponential spatial distribution) and the highly structured patterns observed in the other simulated spatial scenarios. Third, Weibull pollen dispersal kernels lead to a significantly lower average modularity than exponential pollination kernels within the same spatial distribution (P < 0.001 in all cases). The number of modules detected by the algorithm in the simulations depends on the spatial scenario considered (Fig. 3) . For aggregated spatial distributions (exponential and clumped), the number of modules is significantly lower (P < 0.01) or similar (P ¼ 0.744), respectively, when using the exponential kernel (Fig. 3b, 4 .5 ± 0.612; Fig. 3a , 5.1 ± 0.398) than when using the fat-tailed one (Fig. 3f , 5.8 ± 0.491; Fig. 3e , 5.2 ± 0.683). On the contrary, for the other spatial scenarios (random and uniform) the number of modules is significantly higher (P < 0.05 and P < 0.001) when creating networks using the thin-tailed pollen dispersal kernel (Fig. 3c, 8 .7 ± 0.913; Fig. 3d, 9 .2 ± 0.755) than when using the fat-tailed one (Fig. 3g, 7 .5 ± 0.541; Fig. 3h , 6.7 ± 0.811).
D I S C U S S I O N
This study aimed at exploring intrapopulation mating patterns resulting from non-random pollen dispersal movement in spatially structured plant populations. We built the spatial mating network based on direct tracking of pollen dispersal events that provide the composition of the maternal pollen clouds. Then, we characterized the structure of the mating network and quantified its dependence on the pollen dispersal kernel and the spatial distribution of trees. We found that the non-random pollen dispersal patterns resulted in a compartmentalized mating network structured in modules. Each one of these modules is formed by a group of mother trees and their shared pollen donors. More specifically, the modular organization of the mating networks was mainly determined by the spatial distribution of the adult trees. Changes in this modular organization varied when applying different dispersal kernels in distinctive spatial scenarios. Previous studies analytically showed pervasive effects of the interaction between spatial arrangement of the adult trees and the shape of the dispersal kernel in determining the genetic diversity of the propagules reaching a distant point in the population . Our work extends the influence of this interaction in generating a spatial assortment of the mating events resulting in a significant modular structure of the mating networks in plant populations.
The shape of the dispersal kernel is recognized to determine to what extent pollen flows among populations or patches (Sork et al. 1999; Austerlitz et al. 2004 ). However, fat-tailed kernels also affect gene movement within populations. The connectivity of the mating network increased 10% when long distance dispersal was allowed by incorporating isolated trees. An increase in the connectivity of the network involves that new genotypes are available to be dispersed as seeds. This potentially leads to a higher genetic diversity in the population. Long distant pollen dispersal events have been largely recognized to prevent genetic isolation and counterbalance genetic drift by connecting distant populations (Sork et al. 1999; Liepelt et al. 2002) . Our results, additionally, show that fat-tailed kernels decrease the modularity of the mating network by favouring mating among all available mates. This increases gene flow across the entire population, reducing its genetic structure, and potentially decreasing the role of genetic drift.
Furthermore, our results show that the interaction between the spatial distribution of trees and the shape of the dispersal kernel is complex. When the plant population is highly aggregated following an exponential density gradient, mother trees receive a similar combination of pollen genotypes, as indicated by the low modularity values (i.e. close to a panmictic situation). Thus, this large central core works as a large genetic neighbourhood where the pollen pools of the maternal trees overlap. As trees tended to spread over the landscape occupying a larger area (as in the clumped, random and uniform distribution) modularity increased involving a significant genetic structure among pollen clouds. The intermediate values yielded by the actual distribution of adult trees suggest that natural populations, in fact, present a mixed distribution with high levels of aggregation (as in the simulated exponential distribution) and scattered trees occupying the whole population area. Modular structure, additionally, offers us a visual picture of the groups of mother trees sharing pollen donors. The spatial distribution of modules resembled the spatial aggregation of the trees for clumped distributions, whereas non-aggregated distributions did not strongly retain the spatial distribution of the adult trees, especially for fat-tailed kernels.
Compared to previous statistical methods, our network approach provides a powerful tool to study intrapopulation mating patterns in plant populations. For example, classical genetic/demographic parameters such as N ep (effective number of pollen donors) ignores the identity of such pollen donors and their spatial location. Similarly, paternity analyses identify pairwise, mother-father interactions, but do not allow to scale-up the entire mating network. Our network approach quantifies the spatial structure of the overall set of mating events taking into account not only mother-father interactions, but also the resemblance among maternal pollen clouds. Additionally, it yields a straightforward visualization of the mating network and a meaningful statistical evaluation of the factors shaping such a network.
Complex networks are a powerful tool to characterize heterogeneity in a wide range of systems that can be described as a collection of nodes connected by links (Albert et al. 2000; Liljeros et al. 2001; Newman 2001; Proulx et al. 2005) . Spatial networks have been recently used to describe dispersal in heterogeneous environments and robustness to patch removal (Urban & Keitt 2001; Fortuna et al. 2006; Campbell Grant et al. 2007; Schick & Lindley 2007 ). Here we use spatial networks to quantify the amount of spatial heterogeneity in mating traits. We have reported a pattern of assortative mating, where certain mother trees share pollen donors. This network structure might set the first genetic template on top of which the adult spatial genetic structure would emerge. This would contribute to explain why most plant populations show higher levels of genetic structure and diversity within populations than among populations (Hamrick et al. 1993; Epperson 2003) . As for example, the study population of P. mahaleb presents a fine-scale spatial genetic structure (reaching 30 m, Jordano & Godoy 2002) . This is congruent with the seed dispersal pattern observed with the bulk of dispersal events occurring within this distance from the mother tree (Godoy & Jordano 2001; García et al. 2005) . However, the genetic composition of the dispersed seeds is set during the mating stage, where most maternal trees sharing pollen donors are located within this distance. Thus, regardless of the pollen dispersal distances (up to 548 m for this P. mahaleb population) the modular arrangement of the maternal pollen clouds promotes the emergence of a fine genetic structure in the population as the pool of dispersed seeds from a module tend to be half-sibs or genetically closely related. The evolutionary consequences of these mating patterns are potentially pervasive. For example, these high levels of spatial structure would favour local selection in response to local changes in plant resources, This would provide chances for local variation and adaptation (Savolainen et al. 2007) . However, the long-term consequences of the spatially compartmentalized mating networks would finally depend on whether postdispersal processes enhance or erase this genetic signal first originated through nonrandom pollen dispersal patterns in spatially structured populations.
